Abstract-Microfluidically repositionable metallized plates have been recently introduced as a technique to realize frequency-agile bandpass filters with low insertion loss (IL) and wideband continuous frequency tunability. This paper utilizes a hybrid (circuit and electromagnetic simulation) model for time efficient simulations and introduces fourth-order bandpass filter designs for the first time to extend the applicability of the technique to higher order frequency-agile RF filter design. The paper introduces novel microfluidic channel and resonator configurations to demonstrate that the proposed filters can serve application specific footprint needs. By resorting to a selectively metallized plate approach, the reliability issue associated with synchronized movement of multiple metallized plates has been resolved. The filters are incorporated with micropumps to enable their automated control. Specifically, the concepts are demonstrated through design, fabrication, and testing of two fourth-order bandpass filters exhibiting different resonator arrangement layouts. The filters were measured to operate over 2:1 (60%) frequency tuning range (0.8 GHz -1.5 GHz) with better than 4.5 dB IL, 5% constant fractional bandwidth (FBW), and 40 dB out of band rejection implying a good agreement with the simulation based performance predictions. For the selected micropumps and investigated microfluidic channel layouts, the best tuning speed was measured to be 2.12 MHz per millisecond.
I. INTRODUCTION
T HE increasing demand for compact and multifunctional devices has placed stringent constraints for the size and performance of radio frequency (RF) filters causing frequency-agile filters to become attractive design choices. Several technologies based on ferromagnetic resonance in yttrium iron garnet (YIG) spheres [1] , semiconductor varactor diodes [2] , ferroelectric capacitors [3] , RF micro-electromechanical systems (MEMS) varactors [4] and RF MEMS switches [5] were demonstrated for the design of frequency-agile filters. The frequency tunability and power handling capability of these techniques also determine the filter performance. For example, capacitance variation and loss of the varactor diodes provided a tuning range and insertion loss (IL) of 30% and 3 dB, respectively, with a fractional bandwidth (FBW) of 16% in the second-order bandpass filters operating at GHz range [2] . Reference [6] showed that frequency tunability can be increased with higher capacitance ratio, however, due to the component availability and loss, the frequency tunable varactor loaded filter was designed at a lower frequency of 0.6 GHz. At higher operation frequencies, ferroelectric varactors were found attractive. As an example, [3] showed a filter with 6% tuning range with dB IL for a 1 dB . MEMS capacitors in [4] - [7] were shown to provide a high 50% frequency tuning range with an dB and a FBW between .
[5] also utilized MEMS technology to obtain 50% tuning range, but it was accomplished in discrete steps. Evanescent mode cavity resonator filters loaded with MEMS capacitors have been shown to provide continuous tuning range, presenting a FBW and IL of 0.7% and 3.5 dB, respectively. The resonators of these filters are typically electrically large due to the volumetric construction [8] .
More recently, reconfigurable RF devices employing liquid metals and microfluidics have been of interest due to their promise to handle increased RF power and achieve wide frequency tuning range from compact device sizes. References [9] - [19] have demonstrated the use of liquid metals and/or dielectrics for achieving frequency reconfigurable antennas, tunable frequency selective surfaces, beam-steering antennas, and reflectarrays. In addition, several microfluidic based reconfigurable resonators have been investigated. For example, [20] has used electrowetting of a liquid metal droplet to reconfigure the operation frequency of evanescent-mode cavity resonator. Liquid metal loadings over a coplanar waveguide (CPW) resonator have been used in [21] to realize a planar and compact frequency tunable device. In [22] , liquid metal has been used to redefine the shape of broadside coupled split ring resonators of a second-order band-pass filter. Filling/emptying of resonators has been used in [23] , [24] for frequency tuning.
Despite being promising in terms of high power RF performance and wideband frequency tuning, liquid metals often suffer from oxidization related channel stiction issues and require advanced packaging techniques [25] . To achieve reversible and repeatable reconfiguration, oxide formation over the surface of the liquid metal has been tackled with repetitively evacuating channels to rinse with ethyl alcohol [11] or immersing the liquid metal into a strong acid or base carrier solution [18] . These approaches unfortunately limit the reconfiguration speed and/or decrease the efficiency of the RF device. In addition, lower conductivity of liquid metals are expected to be a major limiting factor of power handling 0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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in the proposed devices. As an alternative, in [26] , a novel method has been introduced to design frequency-agile filters by replacing the liquid metal volumes with metallized plates that can be repositioned within microfluidic channels. Also, by resorting to thin film fabrication techniques, the capacitive loading of the metallized plates over the printed open loop resonators have been increased to achieve a wide frequency tuning range. However, [26] has not presented a convenient technique to model the resonators and provided a path for applying the design technique to higher order filters. The reliability issues associated with the need of synchronized movement of multiple plates have not been addressed and automated operation with tuning speed characterizations has not been presented. To address these issues, this paper provides a hybrid (circuit and electromagnetic simulation based) model to perform time efficient evaluation of the variations in coupling coefficients and external/unloaded quality factors as the metallized plate loaded resonators are reconfigured. This model is subsequently employed for the design of fourth-order bandpass filters to demonstrate the applicability of the technique for generic filter design. To the best of our knowledge, these are also the first examples of higher-order (second order) microfluidically reconfigurable bandpass filters. This paper also introduces novel microfluidic channel designs and the concept of selectively metallized plate to improve the reconfiguration speed and solve the synchronization related reliability issues observed in presence of multiple moving plates. Two different resonator arrangements are demonstrated to show that this technique can be customized for different applications and footprint requirements. Frequency tuning speed characterizations are also performed by incorporating the filters with micropumps to enable their automated control. Specifically, the two fourth-order bandpass filters exhibit a measured frequency tuning range of (1.5 GHz to 0.8 GHz), with an dB and dB out of band rejection ( dB improvement from [26] ) while maintaining fractional bandwidth (FBW). For the selected micropumps and investigated microfluidic channel layouts, the best tuning speed was measured to be 2.12 MHz per millisecond. of capacitive loading varies and gets maximized when the plate is centered over the resonator's arm. Most importantly, this capacitive loading can be completely removed by retracting the metallized plate half way out of the gap of the open loop resonator. This allows for an extended tuning capability.
II. FILTER DESIGN A. Resonator Model
The dimensions of the unloaded square open loop resonator are shown in Fig. 1(b) . The resonator is designed to operate at 1.5 GHz by utilizing the Momentum suite of Keysight Advanced Design System (ADS) with the extraction approach outlined in [27] . Assuming that the metallized plate completely fills the microfluidic channel and overlaps with the entire arm of the resonator, the frequency tuning range can be determined to be from 0.61 GHz to 1.5 GHz. Designing the filter across this wide frequency range to exhibit a predefined fractional bandwidth (FBW) performance requires extensive number of full wave simulations to be carried out with changing plate position and results in a time consuming procedure especially for higher order filters. To alleviate this issue, a hybrid model that represents the metallized plate as a lumped circuit network is utilized for design purposes as shown in Fig. 1(b) . Since the metallized plate can have a different overlap area on the open arms of the resonator, its interaction with the resonator is represented with two series capacitors (i.e., and ). Due to the selected resonator configuration, the metallized plate always completely covers the left arm of the open loop resonator resulting in , where is the width of the plate, is the side length of the resonator, is the width of the gap, is the separation between the plate and the resonator, and is the permittivity of the material between the plate and the resonator.
depends on the position of the plate and can be expressed as , where denotes the distance between the plate and the right edge of the resonator. The parallel RLC circuit in series with and represents the RF parasitics of the metallized plate located between the open ends of the resonator. The values are initially approximated from the open ended transmission line resonator equations [28] . Subsequently, the values are optimized to match the response of the resonator simulated using full-wave analysis when the metallized plate completely overlaps with the resonator arm. The open loop resonator was full wave simulated without the metallized plate by placing ports to the open ends of the resonator. The hybrid model was formed in ADS schematic by combining the lumped circuit model with the open end ports of the full wave simulated resonator. Fig. 1(c) shows that the full wave simulations performed with metallized plate agree well with the equivalent hybrid model. Throughout this paper, to keep the discussion brief, filter performance simulations and experimental verifications are provided at 5 specific plate positions ( mm, mm, mm, mm and mm).
B. External and Coupling Coefficient
To proceed with design of a fourth-order Chebyshev bandpass filter with 5% FBW, the required external quality factor and coupling coefficient values were calculated from the corresponding low pass lumped element circuit prototype ( , ) as 15.308, , and , respectively [27] (where a subscript integer represents the resonator number). To maintain an almost constant FBW, it is necessary to keep the and relatively stable over the tuning range. For the filter implementation, the hybrid resonator model was utilized to extract the and using the approach explained in [27] . As shown in Fig. 2(a) , decreases as the resonator is tuned to higher frequency and this behavior is independent of the tapping location . To stabilize the variation in over the tuning range, a lumped coupling inductor was introduced to the feed line as shown in Fig. 2(b) [22] . Through parametric studies, tapping location and the inductor value were determined as mm and nH, for mm, for a relatively flat response [ Fig. 2(a) ]. Two different resonator alignment configurations were found to provide stabilized variation over the wide tuning range as shown in Fig. 3 . To prevent overlapping of the metallized plate with the adjacent resonators, resonators were offset with respect to each other by . The configuration in Fig. 3(a) was by itself suitable to implement a fourth-order Chebyshev filter having its resonators linearly aligned. To accomplish the required and at 1 GHz, the separation between the resonators was set to 0.98 mm. The gap was 1.58 mm to obtain . The configuration in Fig. 3(b) was utilized to realize and in a fourth-order Chebyshev filter with resonators aligned in a diagonal form ( was realized again with the configuration in Fig. 3(a) . The separation between the resonators was set to 0.1 mm for achieving the desired coupling at 1 GHz. These resonator configurations exhibit a mixture of electrical and magnetic couplings. It was observed that for the selected configurations, still varied as the frequency was tuned across the wide frequency range. The variation of these coupling curves could potentially be further stabilized by resorting to nonsquare resonator shapes. However, since this may potentially complicate the operation of the filters with the proposed selectively metallized microfluidically controllable plates, it was not investigated for the proof-of-concept filters implemented in this paper. The variations shown in Fig. 3(a) and (b) were, therefore, expected to change FBW around the desired 5% goal. According to equation , varying from 0.04 to 0.07 could generate a FBW variation from 3.36% to 5.8%. It is also important to mention that other resonator configurations that relied extensively on electrical or magnetic coupling were found to exhibit a null coupling coefficient at certain frequency within the desired wide frequency tuning range no matter how the resonators were spaced with respect each other. Consequently, these resonator configurations were not able to exhibit a continuous impedance matching across the tuning range. Fig. 4 depicts the fourth-order filter with linear resonator arrangement. This filter can be realized with the meandered mi- crofluidic channel approach introduced in our previous work [26] in order to achieve frequency tuning with a single bidirectional micropump unit. However, as will be explained in Section IV, this topology will be further improved with the selectively metallized plate approach to avoid possible movement synchronization issues. Since the simulated unloaded of the resonators varies from 190 at 1.5 GHz to 90 at 0.61 GHz, the worst case IL can be estimated as 5.04 dB using the equation . As shown in Fig. 4(b) , the filter FBW is maintained between 3.5% and 7% across the tuning range. As expected, the IL increases from 3.03 dB to 4.8 dB as the filter is tuned from 1.5 GHz to 0.61 GHz. The overall footprint of the filter is mm . Fig. 4(c) shows the performance of the filter across 0.5 GHz to 5.5 GHz. An out of band rejection dB is achieved.
C. Order Filter With Linear Resonator Arrangement

D. Order Filter With Diagonal Resonator Arrangement
The fourth-order filter designed with the diagonal resonator arrangement is shown in Fig. 5(a) . The design is based on the and study discussed in Section II-B. Similar to the filter with the linear resonator arrangement, this layout could also be operated with a meandered microfluidic channel to use a single bi-directional pump unit as shown in Fig. 5(a) . The filter FBW is maintained between 3.5% and 7.2% across the tuning range. The IL increases from 3.03 dB to 4.8 dB as the filter is tuned from 1.5 GHz to 0.61 GHz. The overall footprint of the filter is mm . Fig. 5(c) shows the performance of the filter across 0.5 GHz to 5.5 GHz. An out of band rejection dB is achieved. 
III. MICROFLUIDIC CHANNEL DESIGN
Although the resonators of the designed filters can be simultaneously tuned with a single pump due to the meandered microfluidic channel layout, utilizing a single meandered channel presents potential reliability issues due to the synchronous movement needed from all the plates. As an alternative, in contrast to our previous work [26] , two novel microfluidic channel layouts designed to operate with a selectively metallized plate were pursued for the device implementation as shown in Fig. 6 . Specifically, a 14.05 mm wide microfluidic channel was placed over the filter footprint consisting of linearly arranged resonators. The microfluidic channel hosted a single 14 mm wide dielectric plate. This plate was selectively metallized on the areas that will overlap with the resonators. The initially selected dielectric fluid was Teflon solution obtained from DuPont (400S2-100-1) which is made out of 1% Teflon dissolved in 3M FC-40 solution g/cm . However, it was found that utilizing only 3M FC-40 solution provided a higher speed due to its lower viscosity. Initially, glass was considered for implementing the metallized plates. However, glass plates required an extra step for the metal deposition and its mobility inside the channel was found to be limited possibly due to its higher density g/cm . To ease the plate movement inside the channel, the later plate implementations were carried out with readily available 0.254 mm thick Rogers 5880LZ g/cm substrates exhibiting m copper cladding. Several microfluidic channels having various heights (0.25 mm, 0.3 mm, and 0.35 mm) were fabricated to determine a height that will enable plate movement. Out of these, 0.3 mm was selected for the microfluidic channel depth.
Since using a larger dielectric plate also required a larger liquid volume displacement, the tuning speed was expected to be lower in the new widened microfluidic channel implementation. To improve the speed, the channel layout and the plate shape was modified as shown in Fig. 6 (b) to take a "Z" shape. This allowed for having the metallized areas in one common dielectric plate and required the same volume displacement as the meandered channel implementation. During the experiments, the tuning time of the filter in Fig. 6 (a) was measured to be 2.1 s for the required 6 mm full motion range. As expected, the Z shaped channel and plate implementation decreased this time by a factor of 6.4 times to 0.33 s. Due to the success with the Z shaped channel and plate implementation, the filter design with the diagonal resonator arrangement was pursued only with this technique. Fig. 7 depicts the channel and plate dimensions. The measured tuning time was 0.38 s per 6 mm of full range movement.
IV. FABRICATION
The microfluidic channels were fabricated in PDMS utilizing the micromolding technique explained in [29] and [30] . Metallized plates were manually positioned inside the channels. The PDMS and LCP bond was then aligned with the PCB board using the alignment holes. Plastic screws were utilized to hold the PCB and microchannel layers together. Cubic pieces of PDMS were utilized as microfluidic connectors to interface PTFE tubes with the microchannel. To move the plates inside the microchannels, a two syringe system was implemented to flow 3M FC-40 solution. The fabricated filter exhibiting the Z shape microfluidic channel shape is shown in Fig. 8 . It consisted of 1.27 mm thick PCB board, m thick LCP layer, and 2 mm thick PDMS substrate with 0.3 mm deep microchannel carrying the 0.25 mm thick metallized plate. 6.0 nH Coilcraft inductors from the 0302CS series were utilized at the input and output of the filter. To electronically control the filters, the syringes were substituted with two piezo-pumps, with dimensions of mm from Bartels® (mp-6). These micropumps were chosen due to their piezo actuation mechanism that allows for an accurate control of the liquid displacement via supply voltages. Two of these pumps were connected in series to generate bi-directional flow capability. The pumps were operated with the manufacturer supplied driver circuit that converts 5 V DC current to a 100 MHz 235 V peak to peak sinusoidal wave according to the highest flow rate specifications given for water. The power consumption of the pumps is less than 200 mW.
V. EXPERIMENTAL VERIFICATION
A.
Order Filter With Linear Resonator Arrangement Fig. 8 (a) and (b) depicts the fabricated filter and the microfluidic control assembly. The measured frequency tuning range was from 0.8 GHz to 1.5 GHz, close to being 2:1. Based on simulation studies, this frequency tuning range was identified to correspond to a physical gap of m between the plate metallization and the printed loop. Hence, it was concluded that the 0.254 mm thick plate with m thick metallization floated on the top of the channel due to the density difference of the dielectric fluid and the plate material. Future device fabrications should consider the possible location of the plate within the channel and try to minimize the difference between channel height and plate thickness through more finely sampled channel height characterizations. Optimizing channel height and matching the densities of the plate with the fluid will also minimize the orientation dependent tuning variation due to gravity. Simulated and data with the m gap is shown in Fig. 8(c) and agrees well with the measured data shown in Fig. 8(d) . The worst case IL is 4.5 dB at the lowest frequency. 0.2 dB difference between simulations and measurements can potentially be due to the lower of the inductors (which was modeled as 80 in ADS simulations) and losses added due to dielectric solution. The FBW is measured to vary between 5% and 4% from 1.5 GHz to 0.8 GHz. Less variation in and due to the smaller frequency tuning range results in a more stable FBW performance. The overall footprint of the filter (excluding the pumps) is mm , which is ( free space wavelength) at the lowest frequency. Fig. 8(e) shows the wideband frequency response. An out of band rejection dB is realized up to the 2.6 GHz that is within the vicinity of the second harmonic of the unloaded open loop resonator. The frequency tuning time is 0.33 s, for the entire frequency range, with the "Z" shaped microfluidic channel and plate. The measured and performances for different channel implementations are identical and, therefore, not shown for brevity.
B.
Order Filter With Diagonal Resonator Arrangement Fig. 9 (a) and (b) shows the filter implementation for the diagonal configuration. Simulated (with m plate and loop metallization separation) and measured results are in very good agreement as can be seen in Fig. 9 (c) and (d). The worst case IL is 4.5 dB and identical to the filter with linear resonator arrangement. The tuning range is also identical and from 1.5 GHz down to 0.8 GHz. The measured FBW varies between 5% and 4% over the entire frequency tuning range. The overall footprint of the filter (excluding the pumps) is mm , which is at the lowest frequency. Fig. 9(e) shows the wideband frequency response. An out of band rejection dB is realized up to the 2.5 GHz that is within the vicinity of the second harmonic of the unloaded open loop resonator. The tuning time is slightly larger and 0.38 s for entire 6 mm plate motion. This is likely to be due to the implementation with a larger plate mass.
VI. CONCLUDING REMARKS
A novel approach for realizing a compact, low-loss, and highly tunable high order bandpass filter was presented by utilizing microfluidically controlled metallized plates. A thin film based fabrication technique was employed to increase the capacitive loading and associated frequency tuning range. The shape of the microfluidic channel and resonators are designed to operate the filter with a single micropump unit with near constant fractional bandwidth performance. Specifically, the presented bandpass filter example provided 60% tuning range with almost constant 5% FBW. The tuning range of the filter can be further improved by resorting to thinner insulators. Experimental characterizations showed that the plate location within the depth of the microfluidic channel must be accounted for in accurate modeling of these devices due to the use of thin insulators as microfluidic channel walls. By utilizing a selectively metallized single plate to simultaneously tune entire resonators of the filter, the issue of synchronization was solved and the reliability of the filters were improved. Electronically controllable micropumps were also successfully added into the system. The filter presented in this paper provides a low-cost and compact alternative to linear actuator based mechanically tuned filters. Hard substrate based implementations of these filters and their application to suspended lines can potentially provide lower loss and high power handling capabilities. Different configurations of microfluidic channel shapes, plate materials, thinner insulators, dielectric solutions, and minia- turized resonators are currently being investigated to further improve device performance.
